Abstract The ion-exchange kinetics of Fe 2? cations in aqueous solution with H
Introduction
Sodium alginate (Na-ALG, NaC 6 H 7 O 6 ) is a polymer extracted from brown seaweed. It contains varying amount of 1, 4 0 -linked b-D-mannuronic acid (M) and a-L-guluronic acid (G) residues. Gelation of alginate is due to the interaction of carboxylate groups with metal ions [1] in aqueous solution. Most of the research in understanding sodium alginate mediated ion-exchange process in related to pharmaceutical science and food chemistry [2] [3] [4] [5] . Not much has been done to understand this phenomenon with respect to the production of high surface area ceramic oxide nanoparticles until recently [6, 7] . It has been discovered that, during gelation and subsequent calcinations of the metal alginate gels, the ions become immobile and cannot readily come closer to each other, hence providing an excellent basis for producing small metal oxide particles [6, 7] in nano to micrometer size range.
Hematite (a-Fe 2 O 3 ) is the most stable phase form of iron oxide under ambient conditions. It is widely used in solar cells to increase the photo-conversion efficiency [8] , lithium ion battery to improve the lithium intercalation performance [9] , gas sensors due to the differences in electrical resistivity in oxidizing/reducing gases [10] , photo-catalysts under visible-light irradiation [11] , field emission devices due to the high emission current density [12] , field effect transistors when hematite is doped with zinc to achieve p-or enhance n-type semiconducting property [13] , and as photo-catalyst for photon emitted water splitting [14] due to its low cost and high resistance to corrosion.
Although metal alginate gels obtained by dropping sodium alginate solution into different aqueous solution to form beads have been used for various applications, the kinetics of ion-exchange process itself has not been studied in detail, because the gelation is rapid and the amount of metal ion exchanged in each alginate bead is too small to be detected. In this article, the investigation of ion-exchange kinetics between proton exchanged sodium alginate beads and ferrous ions in an aqueous solution is presented. Additionally, the result of the synthesis of a-Fe 2 O 3 by thermal decomposition of iron alginate gels is also presented. The rate of cation exchange process is characterized by inductively coupled plasma-atomic emission spectrometry analysis (ICP-AES), whereas the Fe 3 O 4 /Fe 2 O 3 transformation has been characterized by simultaneous thermo-gravimetric analysis coupled with differential scanning calorimetry (TGA/DSC) and high temperature X-ray diffraction (HT-XRD). Details of the experimental process and research findings are described below. ionexchanged beads were further washed with distilled water and dried in a convection oven for 24 h at 90°C until they were completely dried.
Experimental procedure
The kinetics of ion-exchange process in the present study was investigated in metal ion rich solutions where the initial concentration of [Fe
The volume ratio in this study was maintained constant with Na-ALG:H-ALG:Fe-ALG = 1:1:1. The kinetic studies were based on charactering the reduction of the metal ion concentration in the remaining solution as a function of time. For this purpose, after separating by sieving the Fe-ALG beads from the ionic solution, the filtrate solutions after ion-exchange for different time lengths was diluted 100000 times with deionized water and the concentration of Fe 2? in the electrolyte was determined by employing ICP-AES technique. Moreover, the phase evolution of the dried beads sample (after 20 min reaction time) was also investigated by simultaneous TGA/DSC analysis (Mettler  Toledo STAR e System, Leicester, UK) in controlled atmosphere of air at a flow rate of 50 mL min -1 from ambient temperature up to 1000°C with the heating rate maintained at 3°C min -1 without any holding time. The mass of the sample used in the TGA/DSC experiment was 15 mg. These Fe-ALG dried beads were placed on a platinum substrate and analyzed using HT-XRD (Anton Paar HTK-1200, Almelo, The Netherlands) employing Cu Ka radiation. The heating program was set to increase the temperature in 25°C intervals from room temperature to 1000°C with the heating rate maintained at 3°C min -1 in static air condition. At each temperature, 30 min dwell time was allowed in order to complete the thermal reaction and allow the sample to attain thermal equilibrium condition. HT-XRD scan was performed over a range 2h = 20°-70°using a step size of ca. 0.033°.
Results and discussion
The stoichiometry of ion exchange requires that the fluxes of the two exchanging counter ions be equal in magnitude, even though the counter ion mobility may be quite different between each other [15, 16] 
The experimental data of the variation of Fe 2? concentration in alginate beads as a function of time are shown in Fig. 1 , where a relatively fast ion-exchange is observed. It can be clearly seen in Fig. 1 that the initial rate of ion exchange is significantly rapid which progressively reaches an equilibrium value at 10 min. This can be explained on the basis that when the Fe 2? metal ions come in contact with the alginic acid beads, a rapid ion-exchange take place between H ? and Fe 2? cations. The H ? ions from the inner core of alginic acid beads begin to diffuse outward into the Fe 2? electrolyte solution through the converted shell layer, and simultaneously, the metal Fe 2? ions diffuse inward to maintain charge neutrality. The process is, therefore, a counter current transfer of ions leading to a growth of converted shell. Based on the initial rate of uptake of Fe 2? , it can be concluded that the kinetic of the ion-exchange is in fact very fast and the mass transfer is controlled by the ion diffusion through the converted layer. The internal structure of the polymer gel is likely to be significantly open as seen in our early study of porous freeze dried ion-exchanged alginate beads using X-ray tomography [16] . Nevertheless the aqueous phase in the structure is stationary and hence provides a required continuous medium for the Fe 2? ions to diffuse through it to reach to H ? in the inner core. An appropriate kinetic model is needed to describe the mass transfer process in this system. Homogeneous surface diffusion, pore diffusion, and heterogeneous diffusion models have been proposed in the literature, however, owing to their complexity they are of limited practical utility value [17] . Therefore, a simplified kinetic model has been used to analyze the chronographic data obtained in this study. The chronographic data have been fitted to the 1st order model [18] and 2nd order model [19] using Origin 8.0 software. The expression of first order kinetic model [18] is given by the following equation:
which on rearranging gives,
where q t is the ion concentration in the solution at time t; q e denotes asymptotic value and k 1 is the first order rate constant, and t is the time of reaction in seconds.
The second order kinetic model [19] is expressed as follows:
Rearranging the above expression gives,
where h ¼ k 2 q 2 e and k 2 is the second order rate constant. It can be clearly seen from Fig. 1 that the data fits better with the second order kinetic model than the first order. The 1st order model fits the experimental data well in the initial fast ion-exchange stage with reaction times less than 2 min. However, the fitted curve deviates from the obtained data at t [ 2 min, whereas the 2nd order model fits the entire experimental data considerably better.
As shown in Table 1 , the r 2 value obtained from second order model is 0.97 which is higher than 0.93 obtained from the 1st order model. The reduced Chi-square value obtained using 2nd order model is lower than the 1st order model. This indicates that the 2nd order model can be better applied to this ion-exchange process.
The progress of calcination of dried ion-exchanged Fe-ALG beads (after 20 min reaction) was studied by simultaneous TGA/DSC and HT-XRD, respectively. Four decomposition processes were observed (see Fig. 2 ) in the temperature range of ambient -200, 200-275, 350-420, and 700-900°C, respectively. An endothermic decomposition peak was observed at temperatures between ambient and 200°C, corresponding to about 10 % weight loss as shown in the TGA profile. This was possibly due the evaporation of water during heat treatment. At temperature between 200 and 275°C, about 30 % weight loss was observed in the TGA profile. This is probably due to the cleavage of weaker linkages between b-D-mannuronic acid (M) and a-L-guluronic acid (G) residues in the alginate polysaccharide molecule leading to significant evolution of oxygen. This is believed to simultaneously promote the oxidation of Fe 2? ions chelated in alginate structure to form coexisting Fe 2 O 3 and Fe 3 O 4 as seen in Fig. 3a . The net result of the above two simultaneous endothermic and exothermic processes led to the formation of a net mildly exothermic peak as seen in the DSC trace of Fig. 2 . The b-D-mannuronic acid (M) and a-L-guluronic acid (G) residues in the alginate structure were finally completely oxidized leading to a further 20 % weight loss at higher temperature between 350 and 420°C with a corresponding large exothermic peak in the DSC profile. It is possible that during this decomposition process, there is perhaps a lack of availability of oxygen that leads to the formation of coexisting Fe 3 O 4 and Fe 2 O 3 oxide mixture (see Fig. 3b ). Furthermore, in the temperature range from 700 to 900°C, another endothermic peak was observed with about 3 % weight loss in the TGA profile. This may be due to the partial reduction of stoichiometric Fe 2 O 3 to an oxygen deficient Fe 2 O 3-x phase at high temperature with an estimated value of x = 0.03. HT-XRD was performed in static air condition on a Pt substrate and the results are shown in Fig. 3a, b . Clean, single-phase rhombohedral a-Fe 2 O 3 HT-XRD pattern was observed at temperature range between 700 and 1000°C which agreed with the TGA/DSC analysis shown in Fig. 2 . It should be noted that the temperature shift observed for various reaction steps between TGA/DSC and HT-XRD is because of the dynamic nature of TGA/DSC experiments compared with the static HT-XRD experiments.
No XRD peaks (apart from Pt substrate) were observed in Fig. 3a Previous research [20] has shown that the profile broadening in diffraction data is influenced by a number of factors, such as instrument broadening, coherence length, micro-strain, compositional homogeneity, or a combination thereof. For nanopowders, particle size effect yields a far better description of the XRD broadening in comparison with the micro-strain [6, 7, 16] . Therefore, the particle sizes of Fe 3 O 4 and Fe 2 O 3 nanopowders at 225°C were calculated using Scherrer equation as shown below.
where s is the mean crystallite size, K is a shape factor, k is the X-ray wavelength, b is the line broadening at half the maximum intensity (FWHM), and h is the Bragg angle, respectively. The crystallite size calculated using Eq. (7) is about 38 and 42 nm for Fe 3 O 4 and Fe 2 O 3 based on the (220) and (104) plane at 225°C, respectively. The crystallite size of the obtained sample was found to increase with increase in temperature, which resulted in the increase in peak intensity and reduction in the peak broadening.
Conclusions
In this communication, the kinetics of ion-exchange reaction is studied using alginic acid (H-ALG) in a relatively simple condition and described numerically by the 1st and 2nd order models. The low value of reduced Chi-square obtained using 2nd order model indicates that the 2nd order model is more applicable to this type of ion-exchange process. The TGA/DSC results indicate that the thermal decomposition process is complete at about 450°C which leads to a formation of single-phase a-Fe 2 O 3 . The HT-XRD data also lend support to this conclusion. In this solgel production method, the homogeneous distribution of metal ions in the polymer structure and slow collapse of the carbohydrate structure during calcination prevents the rapid agglomeration of metal ions, which ensures that small particle size of the product and high-purity single-phase material is formed at low temperature.
